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ABSTRACT 
Hydrogeology and water management in the Arkwright underground coal mine, 
Pittsburgh seam, northern West Virginia  
Bryant D. Mountjoy 
 
Arkwright #1 is a closed underground mine in the Pittsburgh coal seam near Morgantown, West 
Virginia USA.  Arkwright shares perimeter boundaries/barriers with three other closed 
Pittsburgh seam mines (Osage #3, Jordan #93, Federal #1) and is partially overlain by flooded 
Sewickley seam mines, 25 m above it.  This mine is significant primarily because it manages and 
treats water diverted from nearly 20 other closed mines over a 600 square kilometer area. This 
study examines water levels, pump records, and mine maps to describe the hydrogeology of 
Arkwright Mine.  After closure in 1995, Arkwright and the adjacent northern Osage mines began 
to flood, each forming separate mine pools.  Federal #1 and Jordan mines closed years prior and 
were already flooded.  Pumping from the up-dip portion of Arkwright began in 2002.  In 2007, 
water transfer by pumps from Osage to Arkwright began in the down-dip portion of Arkwright, 
causing a hydraulic head differential of up to 60 m between the down-dip and up-dip sub-pools 
of the mine.  It is interpreted that a subsidence blockage had developed in Arkwright's main 
entries, restricting flow through the mine.  This blockage effectively divides Arkwright into deep 
and shallow sub-pools.  Using water level measurements and pump records, Arkwright’s water 
budget was quantified over 11 non-consecutive months from 2008-2011, allowing estimation of 
average vertical hydraulic conductivity of interburden between Sewickley and Pittsburgh seams 
(2.0 x 10-8 m/s).  Using results from Arkwright’s water budget, storativities of the deep (1.06 x 
10-3) and shallow (1.89 x 10-3) sub-pools were also estimated.  While its geometry and location 
are only generally known, the conductance of the blockage separating the sub-pools was 
estimated at 314 m2/d based on a steady-state water budget and hydraulic head differences 
between sub-pools.  Based on all these data, MODFLOW 2000 was used to create a 
potentiometric surface consistent with observed water levels based on Arkwright’s water budget.
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Introduction 
 Coal mining has been a fundamental component of West Virginia’s economy for well 
over a century.  The second largest coal bed by volume in the country, the Pittsburgh coal seam, 
extends over 28,000 km2 in West Virginia, Ohio, Pennsylvania, and Maryland (Ruppert et al., 
1999).  In West Virginia, the Pittsburgh coal is typically mined underground due to its depth.  
Following closure, underground mines below surface drainage elevation can fill with water from 
recharge, infiltration from overlying aquifers, and/or adjacent flooded mines (Burke and 
Younger, 2000; Donovan and Leavitt, 2004; Perry and Hawkins, 2004).  Underground coal mine 
water in high-sulfur seams varies from acidic to alkaline pH and often has high concentrations of 
dissolved metals (Perry and Hawkins, 2004).  Preventing uncontrolled surface discharge of this 
water can require pumping and treatment.  Underground mining substantially increases the 
hydraulic conductivity of the former coal seam, and it is commonly observed that variations in 
hydraulic head across a mine are small (Perry and Hawkins, 2004; Leavitt et al., 2003).   
This study examines the hydrogeology and water management of the closed Arkwright 
coal mine near Morgantown, West Virginia.  Arkwright is unique in that it acts as a centralized 
treatment location, receiving water via transfer pumps and barrier leakage from numerous 
additional underground coal mines.  Treatment plants at the surface also handle mine water 
pumped directly from (a) a number of mines to its south in the Pittsburgh seam and (b) a mine in 
the Sewickley seam overlying the Arkwright Pittsburgh-seam mining.  Therefore, this mine is 
the focus for mine-water treatment originating over an approximate 600 square kilometer area, 
although it is only 54 square kilometers in area itself.   Objectives of this study include: 
• describing trends, variations, and correlations in hydraulic head throughout Arkwright,  
• analyzing Arkwright’s water budget, and 
2 
 
• interpreting the current hydrogeology of Arkwright. 
Background 
Underground coal mining 
 The two broad categories of underground coal mining techniques utilized in the United 
States over the last 50 years are (a) room and pillar and (b) longwall mining (Gray and Bruhn, 
1984).  Room and pillar mines are typically composed of perpendicular entries and crosscuts, 
with open areas approximately 3-5 meters wide forming a grid to access extraction areas.  To 
support the overlying strata (overburden), rectangular or square pillars of coal from 3-30 m or 
more on each side are left in place (Gray and Bruhn, 1984).  This type of mining can be 
recognized on a mine map as an unshaded grid of squares or rectangles (Fig. 1).  These pillars 
may or may not be largely removed as portions of the mine are closed.  Where they are removed, 
it is referred to as retreat mining or full extraction, which is represented as a shaded grid of 
squares or rectangles.  Main entries, or “mains”, which are used for purposes including 
transportation of workers, coal, and machinery, as well as ventilation and electrical wiring, look 
similar to room and pillar mining on a map, but are typically much longer and supported by large 
pillars of unmined coal, called “ribs” (Fig. 1). 
Longwall mining also utilizes pillar-supported entries, often called “gateroads”, but no 
pillars are left in place within the extraction area itself between these entries.  Longwall 
machines form "panels", which are generally several hundred meters wide (the width of the 
longwall machine) and multiple kilometers long (Booth, 2006).  Longwall panels are represented 
on mine maps as large, shaded squares or rectangles (Fig. 1).  The cutting head or "shearer" 
moves back and forth across the panel while a conveyer belt removes coal from the face to the 
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entries.  The roof at the face is supported by hydraulic rams ("shields") which are moved forward 
as the machine cuts deeper into the panel.  Both types of mining were used in Arkwright, with 
room-and-pillar in the shallower portions (<170 m) and longwall from there to the deepest part 
of the mine.  This transition occurred when longwall technology became commercially available 
in the 1970's.  
Subsidence 
The post-mining behavior of coal and overburden in an underground mine has a 
significant impact on post-mining hydrogeology.  When pillars or hydraulic supports are 
removed, overburden can deform or collapse into the mine, causing subsidence (Gray and Bruhn, 
1984; Booth, 1986).  Collapsed overburden in the former mine is colloquially referred to as 
“gob” (Younger and Adams, 1999).  The degree and speed of subsidence depends on the 
technique of mining used, overburden rock type, and mine depth (Gray and Bruhn, 1984; Booth, 
1986).  Singh and Kendorski (1981) describe three main zones formed as a result of roof collapse 
subsidence (Fig. 2).  By this model, the rock immediately above the mined coal seam undergoes 
collapse to a height of 3-6 times the seam thickness t; this is the zone of highest porosity and 
hydraulic conductivity (K).  Above this "caved zone" zone is the "fractured zone" extending to 
30-58 t, which has lower porosity but very permeable fractures.  Above 58 t, the deformation 
tends to be ductile or, in some cases, negligible, i.e. lesser collapse and/or fracture formation.  
Subsidence can also occur as a result of floor or pillar failure.  Poulsen et al. (2014) found 
that coal pillars experience a reduction in strength of at least 10% after saturation.  This impact is 
variable depending on coal seam lithology, as the presence of interbedded sandstone, claystone, 
or other rock types can alter the saturated strength of the pillar.  Water flowing through entries 
during pumping has been documented to erode pillars and reduce their strength (Crowell, 1995).  
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Once saturated, the presence of underclay, claystone, or shale below the coal increases the 
likelihood of floor failure because it becomes two to three times weaker than when dry (Marino 
and Choi, 1999).  Underclay is commonly found beneath coal seams and has been referred to 
both as deteriorated claystone (Gray et al., 1977), and unlithified material (Mahoney, 1978).  The 
process of pillars sinking into a softened mine floor is known as “pillar punching”, “floor heave”, 
or a “squeeze”, and may take years to occur depending on the floor material, pillar dimensions, 
load from overburden, and saturation state (Bell, 1988; Ganow, 1975).   
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Figure 1: Example of an underground coal mine map. Intact pillars represented by 
unshaded blocks.  Shaded blocks indicate full extraction of pillars via retreat or 
longwall mining (Light, 2016). 
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Coal mine hydrogeology in gently-dipping strata 
 Mines that extend below drainage can fill with water from adjacent aquifers, flooded 
mines, or streams (Perry and Hawkins, 2004).  Donovan and Leavitt (2004) estimated that 
Pittsburgh seam coal mines in West Virginia and Pennsylvania alone held 1.36 x 1012 gallons of 
water as of 2004.  Mines may have above-drainage and below-drainage sections depending on 
the portal elevation.  In active below-drainage mines, water must be pumped to keep working 
sections dry (Banks et al., 2010).  Without pumping, below-drainage mines flood forming 
“pools” and may eventually discharge at the surface through portals, boreholes, or fractures.  A 
mine pool is a volume of water filling interconnected mine workings (Younger and Adams, 
1999).   
Water can flow from one mine pool to another depending on the thickness and hydraulic 
conductivity of the coal barrier between them (McCoy et al.,2006)  This study estimated the K of 
intact coal barriers in two mines within the Pittsburgh seam in West Virginia as 0.091 m/day.  
Barriers separating mines typically range from 7 - >120 m thick (Donovan and Leavitt, 2004).  
Barrier thickness tends to increase with depth to be able to withstand potentially large differences 
in hydraulic head across the barrier (Moebs and Sames, 1989).  Connections across barriers such 
as man-made tunnels and localized geologic features like faults and dikes can greatly increase 
the average K of the barrier (Younger and Adams, 1999).  Small features such as boreholes may 
not appear on mine maps, but could allow large amounts of water across a barrier.  If the degree 
of connectivity between mines is high enough, individual pools can merge to form a single main 
pool (Burke and Younger, 2000).   
The average hydraulic conductivity within an individual mine is typically high enough 
that hydraulic heads show little variation across the mine (Leavitt et al., 2003; Perry and 
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Hawkins, 2004).  Mined-out areas fill with coarse gob while areas supported by large intact 
pillars, generally do not collapse and act as conduits for flow.  Water flow through gob may be 
laminar, but flow through entries is at some times likely turbulent, especially during pumping 
(Younger and Adams, 1999).  Leavitt et al. (2003) found that two wells 8 km apart in the same 
coal mine complex recorded hydraulic heads within 2 m when pumps were off.  Perry and 
Hawkins (2004) documented hydraulic heads during pump operation within 2 m at three 
different wells in the same mine complex separated by up to 18 km. 
Total water storage in underground mine workings includes unconfined and confined 
components.  Unconfined storage is the largest component, accounting for water stored in void 
space created by mining and fracturing of overburden (Younger, 2016).  A large amount of 
unconfined storage is held at the “beach” formed at the intersection of the potentiometric surface 
of the pool and the mine floor (Goode et al., 2011).  Confined storage occurs by the dilation of 
pores as water pressure increases.  Perry and Hawkins (2004) estimated the storativity of the 
confined Bethlehem #41/8 mine complex in the Fairmont mine-pool, directly south of this study 
area, to be 2 x 10-5 using the barometric efficiency of monitoring wells.  
Site Description 
 The Arkwright #1 Mine is located 3 km west of Morgantown, West Virginia (Fig. 3). 
This area has annual precipitation averaging 117.3 cm/year, with October (7.6 cm) and July (12.4 
cm) being the driest and wettest months (National Oceanic and Atmospheric Administration, 
2016).  Arkwright is approximately 54 km2 in area.  Based on analysis of a 1:6,000 scale map 
(WV Geological and Economic Survey. Document No. 907155), mining likely began near the 
outcrop as a series of small hand-loaded mines in the early 1900’s; later, these were consolidated 
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into a single operation. Mining methods transitioned from hand mining to room and pillar and, 
later, longwall techniques as technology evolved.  The mine was closed in 1994 with the 
working face at approximately 110 m elevation, 200 m below land surface.  Retreat mining of 
the room and pillar sections was performed in some portions of the mine. 
Arkwright is in the Pittsburgh coal seam at the base of the Upper Pennsylvanian 
Monongahela Group (Fig. 4).  The Monongahela Group ranges from 73-130 m in thickness and 
consists of interbedded sandstone, siltstone, shale, limestone, and coal (Ruppert et al., 1999).  
Major coal seams in this group include (from oldest to youngest) the Pittsburgh, Redstone, 
Sewickley, Uniontown, and Waynesburg.  The Pittsburgh seam is the thickest, thinning from east 
to west and averaging about 2 m thick near Morgantown (Repine et al., 1993; Ruppert et al., 
1999).   
From 1994-2002, Arkwright flooded and starting in 2002, its pool has been controlled by 
pumping to prevent discharge.  Adjacent mines are Osage #3 to the north and Jordan #93, 
Everettville, and Federal #1 to the south (Fig. 3).  Closed since 1978, Everettville and Jordan 
mines are highly interconnected by breached barriers and, with respect to mine water, the two are 
a single mine pool to be referred to as the Jordan pool.  Jordan was a source of barrier leakage to 
Arkwright when it was active, so was allowed to flood only to 730-740 ft, where it was 
controlled by pumping from 1988-1994.  Starting in 1995 after Arkwright closure, the pumps in 
Jordan were turned off and it was allowed to rise to >825 ft (Perry and Donovan, in preparation).  
Jordan and Federal #1 mines lie between Arkwright and a series of fully flooded, extensively 
interconnected mines to the south known as the Fairmont mine pool (Perry and Hawkins, 2004).   
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Figure 2: Conceptual model depicting response of overburden to subsidence (Singh & 
Kendorski, 1981). 
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Figure 3: Location of Arkwright relative to other Pittsburgh coal seam underground mines and 
overlying Sewickley mines.   
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Figure 4: Stratigraphic column of the Monongahela Group 
(Ruppert et al., 1999). 
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Starting in 1997, the Fairmont Pool was transferred into Jordan at the Paw Paw site, and 
thus any water presently pumped from Jordan also includes Fairmont Pool water (US OSM, 
2014). 
Methods 
Leavitt et al. (2003), Donovan and Leavitt (2004), and Donovan et al. (2004) reported 
mapping of mine perimeters (i.e., barrier pillars) in GIS form for much of the Pittsburgh seam in 
Pennsylvania and West Virginia.  These coverages were based on georeferencing of original 
mine maps.   Other shapefiles include point data for pumps and wells, internal coal pillars, and 
structure contours of the base of the coal.  Sewickley coal structure contours and perimeters were 
digitized from a mine map obtained from the State Department of Environmental Protection.  
(Thomas, 1999). 
Water level measurements prior to 1998 are reported by Kreitzer and Smith (2017).  
Other water level measurements, including some of those reported by Kreitzer and Smith, were 
made by West Virginia University (WVU) researchers between 1998 and 2017.  Most of these 
data were obtained using pressure transducers coupled to data loggers recording hourly water 
levels at a number of locations.  Until 2005, vented transducers (Global Water WL-15) measured 
the pressure head of the water column directly.  After 2005, the network was converted to sealed 
pressure transducers (Onset Model U020), which record total pressure (water + atmospheric) and 
require correction for atmospheric pressure to obtain fluid pressure.  Periodic manual 
measurements were made with electronic water level meters.   
Monthly discharges and pump rates are available for pumps relevant to Arkwright, as 
well as treatment plant operational histories (Kreitzer and Smith, 2017).  WVU researchers 
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documented Arkwright’s pump operation schedule (ON or OFF) on a weekly basis between 
2007 and 2017.  In cases where reported pump discharges include multiple pumps, these records 
were used to apportion discharge to individual pumps. 
Results 
Water management 
Flooding of Arkwright and Osage began when pumps were turned off after their closure 
in 1994 and 1995, respectively (Kreitzer and Smith, 2017).  Jordan and Federal #1 mines closed 
in 1977 and 1985 respectively, and were nearly fully flooded in the 1990s soon after Arkwright 
and Osage closed (Perry and Donovan, in preparation).  Water infiltrating through interburden 
from partially flooded, overlying Sewickley seam mines may have also been a significant source 
of inflow to Arkwright and Osage.  1.3 x 107 m2 of mine water in partially-flooded Sewickley 
seam mines lie about 25 m above the shallowest parts of Arkwright.  
 Today, Arkwright is the location to which mine waters from Pursglove, Osage, Federal 
#1, Jordan, and the Fairmont pool (Kreitzer & Smith, 2017) are all diverted.  Water from these 
mines is treated at a combination of facilities overlying Arkwright: Flaggy Meadows, Sears, 
and/or Dogwood Lakes (Figs. 5, 6).  Water from the north is pumped into Arkwright directly, 
while water from the south is pumped out of Jordan to treatment plants via surface pipelines.  
Statler Run pumps (#1 and #2) inject Osage water into Arkwright.  Sears pump #2 and Flaggy 
Meadows pumps (#1 and #2) withdraw water from Arkwright.  Sears #1 withdraws water from 
the Sewickley seam, which likely reduces the amount of infiltration to Arkwright.  These pumps 
are the primary control on storage changes and water levels in Arkwright (Fig. 7).   
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Figure 5: Pumps within Arkwright, Osage, Jordan, and Pursglove mines. 
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Figure 6: Conceptual diagram depicting mine-water pumping and treatment process related to 
Arkwright (Modified from Kreitzer and Smith, 2017). 
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Figure 7: Net volume of water injected into Arkwright.  Consists of Statler Run pumping – 
Flaggy Meadows pumping – Sears #2 pumping.  Represents storage change in Arkwright, 
neglecting barrier leakage and infiltration. 
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Dogwood Lakes 
The Dogwood Lakes facility treats water from Jordan, Federal #1, and the Fairmont pool 
via pumps at Hagans Shaft in Jordan.  Federal #1 is thought to exchange water with Jordan, 
Loveridge, Barrackville, and Arkwright via barrier leakage, as no pumping has ever taken place 
from this mine since closure (US OSM, 2014).  Fairmont pool water has been transferred into 
Jordan at the Paw Paw pump in the Dakota mine since 1997 (US OSM, 2014; Kreitzer and 
Smith, 2017).  Water from Jordan never enters the Arkwright mine except by barrier leakage, 
and this depends on the hydraulic gradient between Jordan and Arkwright. 
Flaggy Meadows 
The Flaggy Meadows facility handles water from Osage transfer, Arkwright vertical 
infiltration plus leakage, and pumpage from Jordan via Booth and Ballpark pumps.  Water 
withdrawal began in 2002 from Arkwright at Flaggy Meadows pumps #1 (341 m3/hr) and #2 
(636 m3/hr).  Flaggy Meadows #2 is today the more commonly used of the two pumps.   
Pursglove water was transferred to Osage by barrier leakage pre-2005 and by transfer pumping 
after installation of the Core pumps in 2005 (Kreitzer and Smith, 2017).  The Statler Run pumps 
began to transfer Osage water into Arkwright in February 2007.  Two pumps here operate 
independently at 454 m3/hr.  The purpose of transfer was to lower water levels in Osage to allow 
for Sewickley seam mining to the north.   
Sears 
 Sears #1 and Sears #2 pumps (454 m3/hr each) supply the Sears treatment facility with 
water from Arkwright (Sears #2) as well as the overlying Sewickley mines (Sears #1).  Sears #2 
is rarely utilized and is primarily a backup to the Flaggy Meadows pumps (Kreitzer and Smith, 
2017).  Sears #1 does not directly influence water levels in Arkwright, but water in the two 
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different seams may well be interconnected by leakage through fractures in the interburden.  
Pumping Sears #1 therefore likely serves to prevent or minimize leakage into Arkwright; water 
currently withdrawn from the Sewickley seam at Sears #1 may have eventually infiltrated into 
Arkwright.   
Although in different coal seams, published data for pumping at the Sears plant combined 
discharge from both pumps (Kreitzer and Smith, 2017).  Pump operations were monitored once a 
week by WVU and plant operator staff since 2006.  These observations were used to partition 
usage between the two pumps and discriminate Pittsburgh from Sewickley pumping.  Pumping 
from 2004-2007 cannot be separated because there were no week-by-week observations, and 
therefore all pumping from this period was assumed to be from the Sears #1 pump.   
Arkwright pumping timeline 
Between 2004 and 2007, the average amount of water withdrawn from Arkwright at 
Flaggy Meadows + Sears #2 was 1.27 x 105 m3/month (Fig. 8).  Sears #1 averaged 2.44 x 105 
m3/month over the same period.  Between 2007 and 2011, transfer pumping at Statler Run 
commenced and averaged 4.95 x 105 m3/month, Flaggy Meadows + Sears #2 was 4.21 x 105 
m3/month, and Sears #1 was 2.10 x 105 m3/month.  Pumping was decreased in 2011 to 3.52 x 105 
m3/month at Statler Run, 3.95 x 105 m3/month at Sears #2 + Flaggy Meadows, and 1.42 x 105 
m3/month at Sears #1 (as measured between 2011 and 2015) and has been relatively constant at 
that rate since. 
Water levels  
Hourly water level data were collected at six monitoring wells relevant to Arkwright: 
Daybrook (DAY), Shaw Shaft (SHW), Sears (SEA), and Flaggy Meadows (FLG) in Arkwright; 
Snider (SNI) in Brock #4 mine (Sewickley), Booth (BOO) and Hagans Shaft (HAG) in Jordan, 
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and Willard (WIL) in Osage (Figs. 9, 10).  Two different wells in Daybrook WV (#2 and #3, 
about 2 km from each other) were used from 1997-1999 and after 2000, respectively, after 
Daybrook #2 was reclaimed and backfilled in 1999.   Because both likely record nearly identical 
water levels, their records are combined into a single non-overlapping dataset referred to as 
DAY.  A single manual measurements was made at the Dogwood Lakes sludge disposal well 
(DWL), drilled in 2007.  DAY and SHW are in the deeper section of Arkwright, SEA and FLG 
are in the shallower section, and DWL is in between. Water level trends were not examined in 
detail at BOO, HAG, or SNI, but water levels in Jordan and Brock #4 were used for barrier and 
vertical leakage estimation.  
There are four distinct phases in the water level history of Arkwright: flooding, initial 
withdrawal, high volume transfer, and stable operations (Fig. 11).  Flooding of Arkwright began 
in 1994 and of Osage in 1995.  Hydraulic head continued to rise in Arkwright until pumping 
began in 2002.  Between 2003 and 2004, the head approached 260 m before dropping to 240 m 
by 2005.  Meanwhile, Osage continued to flood, with its head rising above that in Arkwright 
between 2005 and 2007.  In 2007, transfer pumping began at Statler Run, increasing the 
hydraulic head by 50 m at DAY within four months (Fig. 12).  A corresponding increase in head 
was not seen in the shallow part of the mine.  In September 2008, the difference in head between 
FLG and DAY was as large as 60 m.  The hydraulic head in Osage decreased steadily between 
2007 and 2011, reflecting removal of storage from the mine via the Statler Run pump.  Since 
2011, hydraulic heads within Arkwright and Osage have fluctuated in response to Statler pump 
operation but remained in a relatively narrow range, with DAY at approximately 270 m, FLG at 
240 m, and WIL at 180 m.   
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Figure 8: Monthly pump records for Statler Run (injection), Sears #1 
(withdrawal: Sewickley), and Flaggy Meadows and Sears #2 (withdrawal: 
Arkwright).  Red lines indicate average pump rate during periods of 2004-2007, 
2007-2011, and 2011-2014). 
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Figure 9: Monitoring well locations within Arkwright, Osage, Jordan, and an overlying 
Sewickley seam mine (Snider). 
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Figure 10: Conceptual diagram depicting monitoring well layout in mines relevant to Arkwright. 
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Figure 11: Hydrographs of Daybrook, Flaggy Meadows, and Willard wells, 1998-2017.  Flooding between 1994 mine closure and 
2002.  Withdrawal from shallow Arkwright began in 2002.  Transfer from Osage to Arkwright began in 2007.  Osage to Arkwright 
transfer was reduced in 2011. 
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Figure 12: Hydrographs for Daybrook and Flaggy Meadows wells from June 2006 to 
November 2007. Injection pumping at Statler Run pressurizes deep Arkwright, increasing 
water levels at DAY 50 m above water levels at FLG within four months of operation. 
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Hydraulic blockage 
The large head differences between FLG and DAY are evidence suggesting there is a 
restriction of flow within Arkwright mine between Statler Run and Flaggy Meadows.  In 
contrast, DAY and SHW record hydraulic heads within 1 m of each other without apparent lag 
time, regardless of pump operation (Fig. 13).  This suggests the mine workings between DAY 
and SHW are highly interconnected by zones of high transmissivity.  When the Sears #2 pump is 
operating, the head at SEA is typically 4-5 m lower than that at FLG (Fig. 14).  Conversely, 
when Flaggy Meadows well(s) are pumping, head at FLG is about 4-5 m lower than at SEA (Fig. 
15).  However, when pumps at both Flaggy Meadows and Sears #2 turn off, heads at SEA and 
FLG quickly rebound to within 1 m of each other, suggesting high transmissivity between these 
wells also.  Prior to 2007 (when Statler Run injection commenced) DAY responded to pumping 
at Flaggy Meadows and Sears #2 but in muted fashion (Fig. 16).  After injection began at Statler 
Run, its effects influenced DAY so considerably that no response to Flaggy Meadows or Sears 
#2 pumping was discernible.  Up to 60 m of head difference between the deep and shallow parts 
of the mine was observed during operation of Statler Run pumps in 2007.   
Much later, a single water level reading at Dogwood lakes sludge borehole (DWL on 
5/27/2015 showed a head substantially lower than SHW but somewhat higher than SEA (Fig. 
17); 75% of the head decline from deep to shallow occurred between SHW and DWL.  At the 
time of measurement, injection was occurring at Statler Run as well as pumping at Flaggy 
Meadows.   
These data suggest Arkwright is partitioned into two sub-pools by one or more blockages, 
and that during injection into the deep sub-pool, large pressure differences develop across the 
blockage area.  Identifying the precise location or geometry of the blockage or its cause is not  
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Figure 13: Hydrographs of Daybrook and Shaw Shaft wells from 10/12/2009 to 10/19/2009. Water 
levels at DAY and SHW closely mimic each other regardless of whether the Statler Run injection 
pumps are on or off. 
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Figure 14: Hydrographs of Flaggy Meadows and Sears wells from 12/26/2010 to 1/2/2011. 
Water levels at SEA are 4-5 m lower than FLG when the Sears #2 pump is on, but rebound 
to similar level when turned off. 
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Figure 15: Hydrographs of Flaggy Meadows and Sears wells from 8/16/2011 to 8/30/2011. 
Water levels at FLG are 4-5 m lower than SEA when a Flaggy Meadows pump is on, but 
rebound to similar level when turned off. 
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Figure 16: Hydrographs of Daybrook and Flaggy Meadows wells from 9/1/2006 to 9/31/2006. 
Water levels at DAY respond to pumping at Flaggy Meadows, but to a lesser degree than the 
FLG well. 
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Figure 17: Water levels at Daybrook, Shaw Shaft, Dogwood Lakes, and Sears wells on 
5/27/2015. A single measurement at DWL shows a water level intermediate to water levels at 
DAY/SHW and SEA. 
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straightforward given the few available wells.  Although impossible to pinpoint, several “critical 
points” in entries are circled on figure 18, indicating locations where relatively small blockages 
could significantly obstruct flow.  These critical points are the result of internal coal barriers 
(arrow A, Fig. 18) and long sections of “rib” pillars (main entry supports) that reduce cross-
sectional area perpendicular to the main entries.  There are 8 main entries running through this 
part of the mine for both ventilation and transport, each 4.5 m across and 1.5-2 m high.  For a 
hydraulic blockage to develop, some or all of these entries must be partially or wholly occluded 
in one or more location(s) (Fig. 18).  At the least, a blockage must reside somewhere between 
SHW and DWL observation wells, and another between DWL and SEA/FLG. 
Water budget for Arkwright mine 
Introduction and purpose 
Using the results presented above, a water budget was calculated for inflows and 
outflows to the Arkwright mine.  The objectives of this analysis were to allow estimates of 
critical hydrogeologic parameters necessary to set up a groundwater flow model for Arkwright, 
such as hydraulic conductivity (of both interburden overlying the Pittsburgh coal and of the 
speculated blockage), barrier leakage fluxes, and storativity.  Different parameters are best 
calculated under different water-balance conditions.  For example, to calculate K parameters, it 
would be best to utilize periods where storage changes were close to zero.  To calculate storage 
parameters, on the other hand, periods of some change in water levels due to a difference 
between inflow and outflow are more useful.  As a result, more than one period of time was 
needed to develop water-budget estimates suitable for both purposes.  These months were chosen 
based both on data availability and on whether or not water levels increased, decreased, or stayed 
uniform during each reference period.  Time periods of one month duration were selected, to 
match the time scale at which pump records were reported.  Eleven non-consecutive months   
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Figure 18: The “obstruction zone” within Arkwright mine. Circled are “critical points” where a 
relatively small blockage could impede flow from the deep sub-pool to the shallow. Critical 
points are the result of areas of un-mined coal, such as arrow ‘A’, reducing the cross-sectional 
area of flow. 
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between 2008 and 2011 were selected, including months in which no storage change, decreasing 
storage, and increasing storage occurred, as shown in Table 1.   
The speculated hydraulic blockage in the vicinity of the main entries was modeled as a 
leaky vertical aquitard separating the shallow and deep sub-pools of Arkwright.  Leakage from 
Sewickley mines was assumed to be the primary source of vertical infiltration to the shallow 
Pittsburgh sub-pool.  The conceptual model for this is that surface infiltration would first reach 
and be intercepted by Sewickley mining, then leak into Arkwright under the prevailing vertical 
head gradient.  Any up-dip infiltration into unsaturated portions of Sewickley workings would 
flow down-dip into the pool of Brock #4, so the vertical leakage area into the Pittsburgh mines 
must be that of the saturated Sewickley pool.  Vertical infiltration to the deep sub-pool and the 
shallow sub-pool beneath unmined Sewickly was assumed to be negligible, as was done by 
McCoy et al. (2006). 
Methods 
Critical input flow data for the water budget are (a) injection at Statler Run, (b) pumping 
at Sears #2 and Flaggy Meadows.  Other components of the mass balance must be calculated 
using these.  For one or both sub-pools, mass balance estimation for each month involved a 
series of calculations starting with the injection/pumping flows and mine or pool heads, in the 
following sequence: 
• barrier leakage (to both shallow and deep sub-pools)  
• vertical infiltration (to shallow sub-pool only) 
• flow through obstruction zone (between sub-pools) 
• volume of storage change, if any (both sub-pools) 
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• apparent storativities (apparent since calculated by mass balance, may include 
unconfined components of storage). 
A summary of these mass-balance results is reported for the 11 different monthly periods in 
Table 1.   
In addition to pumping and injection via wells, fundamental to this water budget model is 
barrier leakage.   This analysis employed the average of coal barrier hydraulic conductivity 
estimates (0.091 m/day) reported by McCoy et al. (2006) to estimate barrier leakage.  This 
estimate was for barriers considered to be largely intact, without compromised sections, so, 
implicitly, the Arkwright-Osage and Arkwright-Jordan barriers are also assumed to lack 
compromised sections and have identical barrier characteristics, on average, as those in the 
McCoy et al. (2006) investigation.  This is a key assumption in the mass balance model. 
Arkwright’s perimeter was divided into 20 segments, each of approximately uniform 
thickness based on examination of the 1:6,000 scale original mine maps (Fig. 19).  For each 
segment, barrier conductance was calculated using coal thickness, segment length, barrier 
thickness, and the K value.  Net leakage across Osage-Arkwright, Jordan-Arkwright, and Federal 
#1-Arkwright was calculated for each month as done by McCoy (2002), to which the reader is 
referred for details (Table 2).  In sections where only one side was saturated, hydraulic gradients 
were calculated using the mine floor elevation on the dry side of the barrier along with the 
hydraulic head on the wet side; otherwise hydraulic heads across the barrier were employed.  
Average monthly water levels from DAY (deep sub-pool), FLG (shallow sub-pool), and WIL 
(Osage) were used to estimate hydraulic gradients across the Osage-Arkwright barrier.  Water 
levels in the Federal #1 mine were approximated at 249 m (Perry, 2014).  Manual measurements  
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Shallow Sub-Pool 
Month Barrier Leakage (m3) 
Blockage 
Flow (m3) 
Flaggy Meadows and Sears 
#2 Withdrawal (m3) 
Infiltration  
(m3) 
Storage 
Change (m3) FLG Head Change (m) Storativity 
Feb-2008 -3,394 259,835 -397,116 132,223 -8,451 -2.33 1.56E-04 
Apr-2010 -34,820 474,200 -398,549 110,619 151,450 0.98 6.60E-03 
May-2010 -38,301 475,235 -464,451 107,192 79,674 2.09 1.64E-03 
Jun-2010 -34,042 385,417 -441,825 115,668 25,218 -5.33 -2.03E-04 
Sep-2010 -35142 459246 -517511 93085 0 0 NA 
Aug-2010 -35,702 486,022 -445,846 108,140 112,614 3.42 1.41E-03 
Nov-2010 -29,830 480,031 -440,800 119,753 129,154 4.64 1.20E-03 
Mar-2011 -26,962 362,500 -427,388 158,416 66,567 -1.78 -1.61E-03 
Apr-2011 -28,943 377,329 -387,264 143,208 104,329 3.62 1.24E-03 
May-2011 -49,594 461,532 -422,520 122,369 111,787 4.99 9.62E-04 
Sep-2011 -34,286 324,284 -416,826 152,388 25,560 -3.70 -2.97E-04 
 
Deep Sub-Pool  
Month Barrier Leakage (m3) 
Blockage 
Flow (m3) 
Statler Run Injection 
(m3) 
Storage 
Change (m3) 
DAY Head Change 
(m) Storativity  
Feb-2008 -17,839 -259,835 237,523 -39,791 -5.27 3.45E-04  
Apr-2010 -55,592 -474,200 569,981 40,189 0.49 3.74E-03  
May-2010 -57,257 -475,235 604,674 72,541 -1.15 -2.88E-03  
Jun-2010 -39,568 -385,417 444,858 20,221 -18.40 -5.02E-05  
Sep-2010 -57,614 -459,246 668,549 151,690 -4.16 -1.68E-03  
Aug-2010 -49,612 -486,022 602,404 67,129 6.60 4.64E-04  
Nov-2010 -58,162 -480,031 538,225 31 0.02 7.15E-05  
Mar-2011 -46,126 -362,500 334,875 -73,391 -12.26 2.74E-04  
Apr-2011 -46,666 -364,751 504,844 79,588 19.62 1.85E-04  
May-2011 -56,845 -461,532 554,086 36,069 0.69 2.39E-03  
Sep-2011 -38,845 -324,284 358,955 -3,883 -7.21 2.46E-05  
        
Table 1: Eleven months of water budgets for Arkwright mine.  Highlighted entries indicate where estimated storage change occurred 
in an opposite direction to measured water level changes.  These months have a large source of error. 
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Figure 19: Arkwright’s perimeter barriers split into 20 sections based on barrier thickness to calculate 
leakage. Estimates of leakage were made for each section. Arrows indicate the amount of leakage 
through each section, as averaged between 11 months analyzed. 
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Table 2: Calculation of barrier leakage for April 2010. Grey cells indicate the mine on that side 
of the barrier is dry, so the hydraulic gradient used the mine floor elevation.  In these locations, 
barrier sections were divided into sub-sections (a, b). 
  
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 291.59 187.08 104.51 1.36 -14006 
2 480 90 Osage 291.59 187.08 104.51 1.16 -2739 
3 1600 90 Osage 291.59 187.08 104.51 1.16 -9130 
4 1680 70 Osage 291.59 187.08 104.51 1.49 -12325 
4a 500 70 Osage 291.59 187.08 104.51 1.49 -3668 
4b 720 70 Osage 291.59 189 103 1.47 -5211 
5 3600 23 Osage 241.17 213 29 1.25 -22051 
6 500 78 Osage 241.17 231 10 0.13 -320 
7 95 1.5 Osage 241.17 220 21 14.11 -6589 
8 830 82 Osage 241.17 238 3 0.04 -167 
9 1230 63 Osage 241.17 238 3 0.05 -323 
10 2500 20 Osage NA NA NA NA NA 
11 530 4 Jordan 241.17 236.65 5 1.13 -2943 
12 700 45 Jordan 241.17 236.65 5 0.10 -346 
12a 400 45 Jordan 241.17 241 1 0.01 -29 
13 1100 45 Jordan 241.17 236.65 4.52 0.10 -543 
14 1000 35 Jordan 241.17 236.65 4.52 0.13 -635 
15 350 100 Jordan 241.17 236.65 4.52 0.05 -78 
16 1200 45 Jordan 241.17 236.65 4.52 0.10 -592 
17 920 100 Jordan 241.17 236.65 4.52 0.05 -204 
18 330 175 Federal 291.59 249 42.59 0.24 -395 
19 2575 80 Federal 291.59 249 42.59 0.53 -6736 
20 825 125 Federal 291.59 249 42.59 0.34 -1381 
*  Head Difference =  Arkwright Head - Border Head 
** Hydraulic Gradient =  Head Difference / Barrier Thickness 
***Leakage = K x Mine Height x Barrier Length x Hydraulic Gradient 
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from BOO or HAG in Jordan mine represented its pool elevation.  A uniform coal thickness of 
1.8 m was used in barrier leakage calculations.   
During a steady-state period, the water budget of the deep sub-pool is balanced by 
pumping at Statler Run (Qst), barrier leakage (LD), and leakage to the shallow sub-pool through 
the obstruction zone LOZ:  
  QSt ± LD = LOZ  (1) 
Conductance of this obstruction zone, COZ, was estimated at steady state as Loz divided by the 
head difference between sub-pools, hDAY- hFLG.  In transient months, average heads were 
employed: 
   LOZ 
hDAY−hFLG
=  COZ  (2) 
During steady-state, the shallow sub-pool’s water budget is balanced by obstruction 
leakage plus vertical infiltration I and pumping at Sears 2 and Flaggy meadows (QSE2 and QF), 
and shallow-pool leakage LS as follows: 
  I = LS − QSe2 − QF − LOZ  (3) 
Pumping volume at Sears #2 was estimated by multiplying the pump’s rated capacity by the 
length of time it operated, as indicated by hydrographs of FLG and SEA wells.  This was 
necessary because reported monthly pumping from the operator lumped Sears #2 with Sears #1, 
which is in the Sewickley seam rather than the Pittsburgh (Kreitzer and Smith, 2017).   
By assuming that all vertical infiltration originates as leakage from the overlying flooded 
Sewickley mines -- mainly Brock #4 --, the approximate average vertical hydraulic conductivity 
of interburden may be estimated: 
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  KV = I∆lAS∆h  (4) 
where  KV = vertical hydraulic conductivity of the interburden (L/T) 
∆l = thickness of interburden between Pittsburgh and Sewickley seams (L) 
  As = area of flooded Sewickley mine workings overlying Arkwright (L2) 
  ∆h = difference in hydraulic head between SNI and FLG (L) 
This K value was used to quantify infiltration into Arkwright for the other 10 months considered, 
according to head variations in the two mines.2   
Storage changes were calculated in transient months for the shallow (∆VS) and deep 
(∆VD) sub-pools as follows: 
  ∆VS = LOZ + I ± LS − QSe2 − QF  (5) 
  ∆VD = QSt − LOZ ± LD  (6) 
For transient intervals, storativities (S) for the deep and shallow sub-pools were calculated using 
the saturated mined area A and the monthly head change in each sub-pool: 
  S = ∆V
A∆h
  (7) 
Saturated mined areas were estimated by measuring total mine area (by perimeter) and 
subtracting from it the area of large (> 1 hectare) intact coal blocks.  This calculated storativity 
represent an apparent values since there could be components of unconfined storage from the 
beach area and subsidence fractures included in this estimate.   
Results 
Although barriers are thicker in deeper parts of the mine, slightly more leakage was 
calculated for the deep than the shallow sub-pool due to the larger hydraulic gradient across the 
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Osage-Arkwright barrier (Table 1).  Monthly barrier leakage out of the shallow sub-pool ranged 
from 8.2 x 104 m3 to 1.2 x 106 m3 with a median of 8.2 x 105 m3.  Monthly estimates of barrier 
leakage out of the deep sub-pool zone ranged from 4.3 x 105 m3 to 1.4 x 106 m3 with a median of 
1.1 x 106 m3.  The Arkwright-Osage barrier had the highest hydraulic gradients and accounted 
for an average of 87% of the total leakage out of Arkwright (Table 3, Fig. 19).  This means when 
a single pump is operating at Statler Run, 20% of total pumpage is recirculated leakage out of 
Arkwright.  The smallest amount of leakage occurred in February 2008, when heads in 
Arkwright and Osage were closest.  The Arkwright-Jordan barrier had much smaller hydraulic 
gradients and accounted for an average of 4.5% of total barrier leakage.  Although the 
Arkwright-Federal barrier typically had a high hydraulic gradient, it only accounted for 8.5% of 
Arkwright’s barrier leakage because of a greater thickness.   
Hydraulic head changed by <0.02 m (as measured at DAY) in the deep Arkwright sub-
pool during November 2010, considered small enough to use for calculating steady-state leakage 
through the obstruction zone.  During this month, an estimated 4.8 x 105 m3 of water leaked 
through the obstruction zone under an average head difference of 51.04 m, for a conductance of 
314 m2/d.  The resulting average monthly leakage through the obstruction zone was 3.9 x 105 m3.   
September 2010 was a month of zero storage change (as measured at FLG) in the shallow 
sub-pool and thus was used to estimate infiltration. After accounting for barrier leakage, flow 
from the deep sub-pool, and pumping, the calculated infiltration of 3,000 m3 was attributed to a 
pool area of 4.5 x 106 m2 in the flooded Sewickley overlying Arkwright at this time.  The 
average hydraulic heads in the Sewickley and Pittsburgh seams were 253.4 m (SNI borehole), 
and 243.3m (FLG borehole), respectively; using the interburden thickness between 
(approximately 25 m), this yields an estimated interburden vertical hydraulic conductivity of 
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Table 3: Barrier leakage estimates across each section of Arkwright barrier.  Light gray is Osage barrier, medium shade gray is Jordan 
barrier, dark gray is Federal #1 barrier. 
  
Barrier 
Section 
Feb-
2008 
Apr-
2010 
May-
2010 
Jun-
2010 
Sep-
2010 
Aug-
2010 
Nov-
2010 
Mar-
2011 
Apr-
2011 
May-
2011 
Sep-
2011 Average 
1 -3863 -14006 -14472 -12084 -14650 -15008 -14804 -12141 -12619 -15476 -12759 -12898 
2 -755 -2739 -2830 -2363 -2865 -2935 -2895 -2374 -2468 -3026 -2495 -2522 
3 -2518 -9130 -9433 -7877 -9549 -9783 -9650 -7914 -8226 -11223 -8317 -8511 
4 -5868 -21204 -21468 -18062 -21936 -21957 -21984 -18352 -18905 -20861 -18359 -18996 
5 -922 -22051 -23605 -21782 -23667 -23621 -21459 -18550 -19190 -22771 -19906 -19775 
6 -38 -320 -365 -309 -387 -365 -296 -158 -203 -330 -232 -273 
7 -373 -6589 -7139 -6480 -7242 -7146 -6349 -5094 -5431 -6802 -5720 -5851 
8 0 -167 -226 -150 -272 -227 -129 0 0 -172 -29 -125 
9 0 -323 -436 -289 -524 -438 -249 0 0 -332 -55 -241 
10 0 0 0 0 0 0 0 0 0 0 0 0 
11 -1095 -2943 -3566 -2748 -1621 -2133 -716 706 508 -12211 -378 -2382 
12 -202 -375 -478 -369 -299 -286 -132 118 94 -362 -70 -215 
13 -202 -543 -658 -507 -299 -393 -132 130 94 -362 -70 -268 
14 -236 -635 -769 -592 -350 -460 -154 152 110 -424 -81 -313 
15 -29 -78 -94 -73 -43 -56 -19 19 13 -52 -10 -38 
16 -220 -592 -718 -553 -326 -429 -144 142 102 -395 -76 -292 
17 -76 -204 -248 -191 -113 -148 -50 49 35 -136 -26 -101 
18 -155 -395 -403 -304 -399 -414 -393 -231 -265 -274 -221 -314 
19 -2648 -6736 -6881 -5188 -6817 -7066 -6713 -3945 -4519 -4670 -3774 -5360 
20 -543 -1381 -1411 -1064 -1398 -1449 -1376 -809 -927 -957 -774 -1099 
             
Total -15882 -76406 -80728 -68901 -78106 -79305 -72841 -56110 -59177 -85360 -60592 -66674 
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2.0 x 10-8 m/s.  Resulting monthly infiltration estimates during all 11 months ranged from 1.1 x 
105 m3 to 1.6 x 105 m3, with an average of 1.3 x 105 m3.  This equates to approximately 0.35 m/yr 
when divided across the Sewickley pool area. 
Storativities were calculated for months during which hydraulic heads increased or 
decreased.  Saturated mined areas were 1.75 x 107 m2 for the deep sub-pool and 1.40 x 107 m2 for 
the shallow sub-pool.  Resulting average storativities were 1.9 x 10-3 and 1.1 x 10-3 for the 
shallow and deep sub-pools respectively.  Both values are large enough to suggest a significant 
contribution from unconfined storage, potentially from subsidence fractures and/or the beach in 
the shallow sub-pool.  The lower storativity in the deep sub-pool may be the result of being 
disconnected from the beach area, which would suggest less direct communication between the 
beach (in the shallow sub-pool) and deeper parts of Arkwright behind the hydraulic blockage.   
Inferred groundwater flow patterns 
Using the results of mass balance calculations (Tables 1-3), MODFLOW was utilized to 
construct a potentiometric surface for Arkwright for April 2010 (Tables 1 and 2).  Water levels 
in both deep and shallow sub-pools were approximately uniform over this month (Fig. 20).  In 
this period, both pumps were injecting at Statler Run; the Flaggy #1 pump was operating in the 
shallow sub-pool; and Sears #2 was used for a total of 7 hours.  Average monthly pump rates 
were estimated at 19,000 m3/d for Statler Run, 13,200 m3/d at Flaggy Meadows, and 100 m3/d at 
Sears #2. The mass-balance calculated flow through the obstruction zone was about 4,500 m3/d 
higher than Flaggy pumping for this period despite observations of minimal head change.  This 
discrepancy was ascribed to storage change and mass balance error (including barrier leakage as 
well as reported pumping) and a larger value of pumping at Flaggy than that reported was 
assumed to achieve steady state. 
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Using these fluxes, a large value of K for main entries (2,200 m/day) and mined-out areas 
(600 m/day), hypothetical blockage locations, and monitoring well data, Arkwright’s steady-state 
potentiometric surface was estimated (Fig. 21). Blockages were simulated using hydraulic flow 
barriers (HFB), each with a conductance of 100 m/d.  The blockages were arbitrarily placed at 
three critical points in the main entries (Fig. 18), although another location indicated on Figure 
18 could just as likely have been chosen.  Observed water levels at FLG and DAY matched the 
calculated potentiometric surface to within 1 m.   
This MODFLOW model was uncalibrated and therefore neither the resulting head 
distribution, the parameters employed to obtain these heads, nor the blockage locations should be 
considered accurate. This uncalibrated approach was employed due to (a) a paucity of 
monitoring wells within Arkwright, and (b) uncertainty in the barrier leakage and flux estimates. 
Despite these uncertainties, the head pattern of figure 21 is thought to resemble hydrogeologic 
conditions and available head measurements within Arkwright during April 2010.  The simulated 
head distribution shows steep head gradients where the HFBs were located, as would be caused 
by a blockage of the main entries.  However, there are also high head losses in the main entries 
west of the blockages, which can be ascribed to Arkwright’s narrow (about 1 km) north-south 
cross section across this part of the mine created by internal barrier pillars (Fig. 18).  The 
potential for such steepened gradients suggests that high fluid velocities may occur in main 
entries and other unblocked mine openings, in addition to the blockages.  
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Figure 20: Hydrographs of Flaggy Meadows, Sears, and Daybrook wells from 4/1/2010 to 
4/31/2010. The potentiometric surface was contoured based on these conditions during this time 
period: a near steady-state period. 
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Figure 21: Hypothetical hydraulic head distribution for Arkwright during April 2010. Three 
blockages (circled) were placed to cause the observed distribution of hydraulic head. 
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Discussion 
Hydraulic blockage 
 The large head differences observed between the deep and shallow Arkwright sub-pools 
during injection at Statler Run are proposed to be the result of subsidence due to pillar punching 
in the main entries (Fig. 22).  Failure of the mine roof or pillars would likely not create a 
blockage impervious enough to induce a hydraulic head difference of 60 m across the eight main 
entries, a flow width of approximately 63 m2. 
The proposed hydraulic blockage evident in Arkwright may resemble a case of pillar-
punching observed in a nearby closed mine.  Gray et al. (1977) reported a case of floor-failure-
induced subsidence in a Pittsburgh seam coal mine (Idamay) which undermined Farmington, 
WV, about 30 km southwest of Arkwright.  In an effort to prevent subsidence, more than 50% of 
the coal was left intact as a grid of 9 x 9 m pillars supporting 4.5 m wide entries beneath the 
town.  Underlying the coal was a thin shale bed over an estimated 1.8 m thick bed of underclay.  
Damage to surface structures and waterlines in the town of Farmington was reported over an 
approximately 90 m deep section of Idamay in 1973.  Drill holes indicated the mine void height 
had in some places decreased by 30–100% of the original coal thickness.  Because pillar failure 
was deemed unlikely due to their large size, the authors concluded that pillars punching into the 
saturated underclay floor were the most probable cause of subsidence.   
The true location of the blockage(s) in Arkwright is unknown, but it is possible that pillar 
punching began once the mine floor in the area of the speculated blockage became saturated by 
flooding mine water between May 1997 and June 1998, according to the DAY hydrograph (Fig. 
11).  If this mechanism is correct, it would require that there be some thickness of underclay   
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Figure 22: Conceptual cross-section of pillar punching in the main entries of Arkwright.  In reality, there may be additional blockages, 
or a continuation of a single blockage. Not drawn to scale. 
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beneath the coal.  Using an estimated 50% extraction for the main entries and assuming complete 
displacement of this wet clay, it would need to be approximately 1 m thick (half as thick as the 
height of the coal seam) for the entries to squeeze completely shut.  This is less than the reported 
underclay thickness at Idamay. It is not known to what degree the pillars would have to sink to 
induce the head differences seen within Arkwright.   
Hydraulic blockages of this type may be problematic for future mine water treatment 
operations in this and other closed mines.  Such blockages may limit water management within, 
and between mines by causing higher-than-expected water levels or even surface discharges.  
While no surface discharge occurred as a result of the Arkwright blockage, hydraulic heads came 
within 10 m of the lowest stream bed elevation (~305 m) overlying the deep sub-pool.  Multiple 
monitoring wells in different parts of a flooded mine are necessary to thoroughly understand the 
effects of pumping, especially when injection is occurring. 
Water budget considerations 
 Barrier leakage estimates assume Arkwright’s barriers are similar to those in McCoy’s 
(2002) study.  McCoy assumed the coal barriers were homogeneous and intact due to lower 
fracture density at greater depths.  Compromised barrier sections surrounding Arkwright would 
limit the relevance of McCoy’s hydraulic conductivity value for barriers in Arkwright.  Two 
such compromised sections in the shallow portion of the Arkwright barrier pillar have been 
identified, one with Osage and one with Jordan (Kreitzer and Smith, 2017).  Additional 
unmapped features across perimeter barriers, such as boreholes or “cut-through” entries, are 
likely to be more common in shallower, older workings, where barriers are thinner (McCoy, 
2002; Leavitt et al., 2003).  Therefore, the calculated barrier leakage estimates for the deep sub-
pool are likely more realistic than for the shallow sub-pool.   
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In May 2010, June 2010, September 2010, March 2011, and September 2011, hydraulic 
head changes in Arkwright did not correlate with estimated storage changes for the same months, 
i.e. heads decreased but calculated storage increased (Table 1).  In the shallow sub-pool, perhaps 
the amount of water leaving Arkwright via barrier leakage has been underestimated due to 
compromised barrier sections (Kreitzer and Smith, 2017).  For the deep sub-pool, barrier leakage 
may have been underestimated, and/or the Statler Run pumps may have been performing below 
their rated capacity.  In either event, it is likely that there are errors in the mass balance on the 
order of 10-40%, derived mainly from the barrier leakage estimates but also perhaps from 
pumping records or flows. 
Also obtained by mass balance, the estimated vertical hydraulic conductivity of the 
interburden between the Pittsburgh and Sewickley coal seams is based on 2 assumptions: that (a) 
its K is homogeneous; and (b) barrier leakage and pumping estimates for Arkwright are accurate.  
It is believed that the interburden K is likely a maximum value because zero vertical infiltration 
to shallow parts of Arkwright, excepting the Sewickley leakage, was included in the mass 
balance.  However, such error is not believed to be large since 90% of Arkwright is >100 m 
deep, so its vertical infiltration rate from the surface and shallow groundwater is likely relatively 
low compared to infiltration from the Sewickley pool (McCoy, 2002).  
Calculated storativities are much higher than Perry and Hawkins’ (2004) estimate, 
suggesting the values for Arkwright do not represent primarily elastic storativity.  The mines in 
Perry and Hawkins’ study were fully flooded, confined by barriers on all sides, and not 
connected to any unconfined beach area as is Arkwright.  Additionally, deep Arkwright may 
have a somewhat higher coal extraction ratio than the mines in Perry and Hawkins’ (2004) study 
because they closed decades prior to Arkwright closure, before the use of longwall mining.  A 
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higher extraction ratio in Arkwright due to full extraction mining may have resulted in a more 
heavily fractured overburden.  An increase in height and porosity of fractured overburden would 
increase Arkwright’s aquifer height, increasing its unconfined storage.  Further discrepancy 
could be related to the different methods used, e.g. barometric efficiency (Perry and Hawkins, 
2004) vs mass balance (this investigation).   
Conclusions 
Flooding of the Arkwright and Osage coal mines began in 1994-1995 when pumps for 
active operations were turned off.  Leakage from overlying flooded Sewickley seam coal mines 
and barrier inflow from the neighboring Jordan mine are believed to have been the primary 
sources of water during flooding and prior to any transfer pumping.  The vertical hydraulic 
conductivity of interburden between the Pittsburgh and Sewickley seams was estimated by mass 
balance as 2.0 x 10-8 m/s; however, this figure may be subject to significant errors in barrier 
leakage estimation.  In 2002, pumps at Sears and Flaggy Meadows began operation to deliver 
water to the Flaggy Meadows Treatment Plant.  In 2007, pumps at Statler Run began transferring 
water from Osage into Arkwright in order to dewater Osage for safety in Sewickley workings.  
Pumping rates were reduced in 2011 after Osage reached a sufficiently low water level and water 
levels since have remained relatively constant.   
Beginning in 2007, when the Statler Run pumps commenced to inject water into 
Arkwright, large hydraulic head differences (up to 60 m) were observed between deep and 
shallow sections of Arkwright mine.  This head difference is hypothesized to be the result of 
hydraulic blockage(s) in the main entries, which split Arkwright into deep and shallow sub-
pools.  The approximate, but not precise, location of the blockage(s) was identified on a 1:6,000 
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mine map of Arkwright.  The infilling and hydraulic blockage of entries is interpreted to be 
similar to the "pillar punching" mechanism of Gray et al. (1977).   
Water budgets for each sub-pool were quantified for eleven non-consecutive months, 
leading to storativities for shallow and deep sections of the mine: 1.89 x 10-3 and 1.06 x 10-3 
respectively.  Based on these results, a potentiometric surface was contoured for Arkwright 
during injection at Statler Run using an un-calibrated groundwater flow model.
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Appendix 
Flaggy Meadows Pumping (m3) 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2004 83128 82901 53488 10221 68137 61823 71408 240798 211567 197689 192148 122420 
2005 210885 212929 194532 172047 95052 272141 536855 398967 310343 27255 131505 72907 
2006 115410 32812 80024 53681 53677 48529 5459 20683 43036 3978 76651 3869 
2007 59011 101892 258112 429307 365307 417819 520778 427055 409180 394307 371156 414412 
2008 461181 397112 398865 414480 385499 306365 366000 435497 490298 423323 385226 398032 
2009 375305 391260 380343 406175 428656 309215 425113 409972 408109 433801 420684 426960 
2010 387463 396458 396836 395549 432654 382682 423179 398150 510346 373015 410910 214141 
2011 409937 378950 427384 387263 422520 441761 439948 355904 416823 440565 412852 398305 
2012 431673 398089 419227 251014 424530 405463 431859 390231 418133 372363 387562 404396 
2013 332310 327715 423285 400550 422823 71359 342924 414306 403854 425969 414859 429061 
2014 318300 352059 394459 416918 406856 426495 345396 373764 361689 355026 331757 361764 
 
*Estimated* Sears #1 Pumping (m3) 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2004 0 0 313886 336145 232576 288040 324107 348773 348228 304983 323698 212135 
2005 194419 337962 316203 259195 130915 0 375210 339324 351589 525680 276752 199870 
2006 209538 156925 161857 180905 224206 198624 227307 271429 244827 198799 161296 215529 
2007 195311 131634 208493 213459 245105 268410 270268 372515 329195 263506 344102 192833 
2008 214177 216238 173762 273409 251575 233553 287763 157051 204708 271627 168033 301209 
2009 317982 138830 168790 249962 197742 132859 174404 245768 237149 170052 173285 92027 
2010 155240 104549 161781 163496 196238 243114 205298 175920 207297 118406 274045 0 
2011 281159 163757 171139 130479 145046 192310 254868 302598 184959 203095 149675 161577 
2012 245336 239068 241184 143831 285995 271157 239764 613 0 0 0 192509 
2013 268382 85959 107695 70696 63856 0 187090 64848 50159 92031 132724 55013 
2014 11175 0 106101 144731 176703 256556 209636 190198 123586 121080 121133 0 
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*Estimated* Sears #2 Pumping (m3) 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2004 0 0 0 0 0 0 0 0 0 0 0 0 
2005 0 0 0 0 0 0 0 0 0 0 0 0 
2006 0 0 0 0 0 0 0 0 0 0 0 0 
2007 0 0 0 0 0 0 0 0 0 0 48208 0 
2008 53544 54059 0 0 62894 115034 0 52350 136472 133787 252049 0 
2009 0 0 0 0 0 199288 85901 0 0 0 0 0 
2010 0 0 0 0 0 0 0 0 0 118406 0 306378 
2011 70290 0 0 0 0 0 0 0 0 0 0 0 
2012 0 0 0 143831 0 0 0 0 0 0 0 0 
2013 0 0 0 0 0 176953 0 0 50159 0 0 0 
2014 0 0 0 0 0 0 0 0 0 0 0 0 
 
Statler Run Pumping (m3) 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2004 0 0 0 0 0 0 0 0 0 0 0 0 
2005 0 0 0 0 0 0 0 0 0 0 0 0 
2006 0 0 0 0 0 0 0 0 0 0 0 0 
2007 0 198011 230918 471294 542903 634584 608781 598459 608819 564833 572979 592107 
2008 584801 237521 501022 398013 352766 439055 449132 436076 454352 498035 533611 579778 
2009 558458 530874 456218 473676 504315 484942 510043 363861 490707 451619 416532 584150 
2010 476901 483038 515732 569981 604674 444858 329982 602399 668549 573115 538225 528269 
2011 452504 399705 334873 504845 554086 510308 420192 406735 358952 379753 311396 318429 
2012 300115 274170 317168 308049 314068 281563 285435 310374 340123 376326 297178 449658 
2013 477571 381554 408132 384882 246714 195588 389773 430674 391294 272258 248842 355337 
2014 246904 246275 307073 387615 305423 301137 303181 312435 550433 345373 296288 287688 
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November 2010 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 291.44 180.98 110.46 1.43 -493.45 
2 480 90 Osage 291.44 180.98 110.46 1.23 -96.50 
3 1600 90 Osage 291.44 180.98 110.46 1.23 -321.66 
4 1600 70 Osage 291.44 180.98 110.46 1.58 -413.56 
4.5 580 70 Osage 291.44 184 107 1.53 -145.82 
4.75 720 70 Osage 291.44 189 103 1.47 -173.43 
5 3600 23 Osage 240.4 213 28 1.21 -715.31 
6 500 78 Osage 240.4 231 9 0.12 -9.87 
7 95 1.5 Osage 240.4 220 20 13.60 -211.63 
8 830 82 Osage 240.4 238 3 0.03 -4.30 
9 1230 63 Osage 240.4 238 3 0.04 -8.30 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 240.4 239.3 1 0.27 -23.87 
12 700 45 Jordan 240.4 239.3 1 0.02 -2.80 
12.5 400 45 Jordan 240.4 239.3 1 0.02 -1.60 
13 1100 45 Jordan 240.4 239.3 1.1 0.02 -4.40 
14 1000 35 Jordan 240.4 239.3 1.1 0.03 -5.15 
15 350 100 Jordan 240.4 239.3 1.1 0.01 -0.63 
16 1200 45 Jordan 240.4 239.3 1.1 0.02 -4.80 
17 920 100 Jordan 240.4 239.3 1.1 0.01 -1.66 
18 330 175 Federal 291.44 249 42.44 0.24 -13.11 
19 2575 80 Federal 291.44 249 42.44 0.53 -223.76 
20 825 125 Federal 291.44 249 42.44 0.34 -45.88 
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September 2010 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 292.1 182.79 109.31 1.42 -488.32 
2 480 90 Osage 292.1 182.79 109.31 1.21 -95.49 
3 1600 90 Osage 292.1 182.79 109.31 1.21 -318.31 
4 1680 70 Osage 292.1 182.79 109.31 1.56 -429.72 
4.5 1220 70 Osage 292.1 187 106 1.51 -301.47 
5 3600 23 Osage 243.27 213 31 1.34 -788.89 
6 500 78 Osage 243.27 231 12 0.16 -12.88 
7 95 1.5 Osage 243.27 220 23 15.51 -241.40 
8 830 82 Osage 243.27 238 5 0.07 -9.06 
9 1230 63 Osage 243.27 238 5 0.09 -17.48 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 243.27 240.78 2 0.62 -54.04 
12 1100 45 Jordan 243.27 240.78 2 0.06 -9.97 
13 1100 45 Jordan 243.27 240.78 2.49 0.06 -9.97 
14 1000 35 Jordan 243.27 240.78 2.49 0.07 -11.65 
15 350 100 Jordan 243.27 240.78 2.49 0.02 -1.43 
16 1200 45 Jordan 243.27 240.78 2.49 0.06 -10.88 
17 920 100 Jordan 243.27 240.78 2.49 0.02 -3.75 
18 330 175 Federal 292.1 249 43.1 0.25 -13.31 
19 2575 80 Federal 292.1 249 43.1 0.54 -227.24 
20 825 125 Federal 292.1 249 43.1 0.34 -46.59 
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May 2010 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 291.1 186.6 104.5 1.36 -466.83 
2 480 90 Osage 291.1 186.6 104.5 1.16 -91.29 
3 1600 90 Osage 291.1 186.6 104.5 1.16 -304.30 
4 1250 70 Osage 291.1 186.6 104.5 1.49 -305.66 
4.25 350 70 Osage 291.1 186.6 108 1.54 -88.53 
4.5 1220 70 Osage 291.1 186.6 105 1.49 -298.33 
5 3600 23 Osage 242.2 213 30 1.29 -761.46 
6 500 78 Osage 242.2 231 11 0.14 -11.76 
7 95 1.5 Osage 242.2 220 22 14.80 -230.30 
8 830 82 Osage 242.2 238 4 0.05 -7.29 
9 1230 63 Osage 242.2 238 4 0.07 -14.06 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 242.2 236.9 5 1.33 -115.03 
12 800 45 Jordan 242.2 236.9 5 0.12 -15.43 
13 1100 45 Jordan 242.2 236.9 5.3 0.12 -21.22 
14 1000 35 Jordan 242.2 236.9 5.3 0.15 -24.80 
15 350 100 Jordan 242.2 236.9 5.3 0.05 -3.04 
16 1200 45 Jordan 242.2 236.9 5.3 0.12 -23.15 
17 920 100 Jordan 242.2 236.9 5.3 0.05 -7.99 
18 330 175 Federal 291.1 249 42.1 0.24 -13.00 
19 2575 80 Federal 291.1 249 42.1 0.53 -221.96 
20 825 125 Federal 291.1 249 42.1 0.34 -45.51 
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June 2010 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 281.8 191.63 90.17 1.17 -402.81 
2 480 90 Osage 281.8 191.63 90.17 1.00 -78.77 
3 1600 90 Osage 281.8 191.63 90.17 1.00 -262.58 
4 1250 70 Osage 281.8 191.63 90.17 1.29 -263.75 
4.25 350 70 Osage 281.8 191.63 99 1.41 -80.92 
4.5 1220 70 Osage 281.8 191.63 90 1.29 -257.42 
5 3600 23 Osage 240.82 213 28 1.23 -726.08 
6 500 78 Osage 240.82 231 10 0.13 -10.31 
7 95 1.5 Osage 240.82 220 21 13.88 -215.99 
8 830 82 Osage 240.82 238 3 0.04 -5.00 
9 1230 63 Osage 240.82 238 3 0.05 -9.64 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 240.82 236.6 4 1.06 -91.59 
12 800 45 Jordan 240.82 236.6 4 0.09 -12.29 
13 1100 45 Jordan 240.82 236.6 4.22 0.09 -16.90 
14 1000 35 Jordan 240.82 236.6 4.22 0.12 -19.75 
15 350 100 Jordan 240.82 236.6 4.22 0.04 -2.42 
16 1200 45 Jordan 240.82 236.6 4.22 0.09 -18.43 
17 920 100 Jordan 240.82 236.6 4.22 0.04 -6.36 
18 330 175 Federal 281.8 249 32.8 0.19 -10.13 
19 2575 80 Federal 281.8 249 32.8 0.41 -172.93 
20 825 125 Federal 281.8 249 32.8 0.26 -35.46 
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August 2010 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 292.23 183.86 108.37 1.41 -484.12 
2 480 90 Osage 292.23 183.86 108.37 1.20 -94.67 
3 1600 90 Osage 292.23 183.86 108.37 1.20 -315.57 
4 1250 70 Osage 292.23 183.86 108.37 1.55 -316.98 
4.25 350 70 Osage 292.23 183 109 1.56 -89.46 
4.5 1220 70 Osage 292.23 187 106 1.51 -301.84 
5 3600 23 Osage 242.22 213 30 1.29 -761.97 
6 500 78 Osage 242.22 231 11 0.14 -11.78 
7 95 1.5 Osage 242.22 220 22 14.81 -230.51 
8 830 82 Osage 242.22 238 4 0.05 -7.32 
9 1230 63 Osage 242.22 238 4 0.07 -14.12 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 242.22 239.05 3 0.79 -68.80 
12 800 45 Jordan 242.22 239.05 3 0.07 -9.23 
13 1100 45 Jordan 242.22 239.05 3.17 0.07 -12.69 
14 1000 35 Jordan 242.22 239.05 3.17 0.09 -14.84 
15 350 100 Jordan 242.22 239.05 3.17 0.03 -1.82 
16 1200 45 Jordan 242.22 239.05 3.17 0.07 -13.85 
17 920 100 Jordan 242.22 239.05 3.17 0.03 -4.78 
18 330 175 Federal 292.23 249 43.23 0.25 -13.35 
19 2575 80 Federal 292.23 249 43.23 0.54 -227.92 
20 825 125 Federal 292.23 249 43.23 0.35 -46.74 
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March 2011 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 273.14 185.47 87.67 1.14 -391.65 
2 480 90 Osage 273.14 185.47 87.67 0.97 -76.59 
3 1600 90 Osage 273.14 185.47 87.67 0.97 -255.30 
4 1680 70 Osage 273.14 185.47 87.67 1.25 -344.65 
4.5 1220 70 Osage 273.14 187 87 1.24 -247.34 
5 3600 23 Osage 235.84 213 23 1.01 -598.40 
6 500 78 Osage 235.84 231 5 0.06 -5.08 
7 95 1.5 Osage 235.84 220 16 10.56 -164.32 
8 830 82 Osage 235.84   0.00 0.00 
9 1230 63 Osage 235.84   0.00 0.00 
10 2500 20 Osage 235.84   0.00 0.00 
11 530 4 Jordan 235.84 236.89 -1 -0.26 22.79 
12 1000 45 Jordan 235.84 236.89 -1 -0.02 3.82 
13 1100 45 Jordan 235.84 236.89 -1.05 -0.02 4.20 
14 1000 35 Jordan 235.84 236.89 -1.05 -0.03 4.91 
15 350 100 Jordan 235.84 236.89 -1.05 -0.01 0.60 
16 1200 45 Jordan 235.84 236.89 -1.05 -0.02 4.59 
17 920 100 Jordan 235.84 236.89 -1.05 -0.01 1.58 
18 330 175 Federal 273.14 249 24.14 0.14 -7.46 
19 2575 80 Federal 273.14 249 24.14 0.30 -127.27 
20 825 125 Federal 273.14 249 24.14 0.19 -26.10 
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September 2011 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 272.86 177.66 95.2 1.24 -425.28 
2 480 90 Osage 272.86 177.66 95.2 1.06 -83.17 
3 1600 90 Osage 272.86 177.66 95.2 1.06 -277.22 
4 350 70 Osage 272.86 177.66 95.2 1.36 -77.97 
4.25 1330 70 Osage 272.86 181 92 1.32 -287.44 
4.5 1220 70 Osage 272.86 187 86 1.23 -246.54 
5 3600 23 Osage 238.38 213 26 1.13 -663.52 
6 500 78 Osage 238.38 231 7 0.09 -7.75 
7 95 1.5 Osage 238.38 220 18 12.25 -190.67 
8 830 82 Osage 238.38 238 1 0.01 -0.95 
9 1230 63 Osage 238.38 238 1 0.01 -1.84 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 238.38 237.8 1 0.14 -12.59 
12 1100 45 Jordan 238.38 237.8 1 0.01 -2.32 
13 1100 45 Jordan 238.38 237.8 0.58 0.01 -2.32 
14 1000 35 Jordan 238.38 237.8 0.58 0.02 -2.71 
15 350 100 Jordan 238.38 237.8 0.58 0.01 -0.33 
16 1200 45 Jordan 238.38 237.8 0.58 0.01 -2.53 
17 920 100 Jordan 238.38 237.8 0.58 0.01 -0.87 
18 330 175 Federal 272.86 249 23.86 0.14 -7.37 
19 2575 80 Federal 272.86 249 23.86 0.30 -125.80 
20 825 125 Federal 272.86 249 23.86 0.19 -25.79 
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May 2011 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 288.64 176.89 111.75 1.45 -499.22 
2 480 90 Osage 288.64 176.89 111.75 1.24 -97.62 
3 1780 90 Osage 288.64 176.89 111.75 1.24 -362.03 
4 1500 70 Osage 288.64 180 109 1.55 -381.33 
4.5 1220 70 Osage 288.64 187 102 1.46 -291.59 
5 3600 23 Osage 241.15 213 29 1.25 -734.54 
6 500 78 Osage 241.15 231 10 0.13 -10.66 
7 95 1.5 Osage 241.15 220 21 14.10 -219.41 
8 830 82 Osage 241.15 238 3 0.04 -5.55 
9 1230 63 Osage 241.15 238 3 0.05 -10.70 
10 2500 20 Osage    0.00 0.00 
11 530 4 Jordan 241.15 238.23 3 0.73 -63.37 
12 1100 45 Jordan 241.15 238.23 3 0.06 -11.69 
13 1100 45 Jordan 241.15 238.23 2.92 0.06 -11.69 
14 1000 35 Jordan 241.15 238.23 2.92 0.08 -13.67 
15 350 100 Jordan 241.15 238.23 2.92 0.03 -1.67 
16 1200 45 Jordan 241.15 238.23 2.92 0.06 -12.75 
17 920 100 Jordan 241.15 238.23 2.92 0.03 -4.40 
18 330 175 Federal 277.57 249 28.57 0.16 -8.82 
19 2575 80 Federal 277.57 249 28.57 0.36 -150.63 
20 825 125 Federal 277.57 249 28.57 0.23 -30.89 
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April 2011 
Barrier  
Section 
Barrier 
Length  
(m) 
Barrier 
Thickness 
 (m) 
Adjacent  
Mine 
Arkwright  
Head (m) 
Adjacent 
Mine 
Head 
(m) 
Head  
Difference 
(m)* 
Hydraulic  
Gradient** 
Leakage 
(m3)*** 
1 2100 77 Osage 277.57 183.41 94.16 1.22 -420.64 
2 480 90 Osage 277.57 183.41 94.16 1.05 -82.26 
3 1600 90 Osage 277.57 183.41 94.16 1.05 -274.19 
4 1680 70 Osage 277.57 183.41 94.16 1.35 -370.16 
4.5 1220 70 Osage 277.57 187 91 1.30 -259.99 
5 3600 23 Osage 237.45 213 25 1.08 -639.67 
6 500 78 Osage 237.45 231 6 0.08 -6.77 
7 95 1.5 Osage 237.45 220 17 11.63 -181.03 
8 830 82 Osage 237.45   0.00 0.00 
9 1230 63 Osage 237.45   0.00 0.00 
10 2500 20 Osage 237.45   0.00 0.00 
11 530 4 Jordan 237.45 238.23 -1 -0.20 16.93 
12 1100 45 Jordan 237.45 238.23 -1 -0.02 3.12 
13 1100 45 Jordan 237.45 238.23 -0.78 -0.02 3.12 
14 1000 35 Jordan 237.45 238.23 -0.78 -0.02 3.65 
15 350 100 Jordan 237.45 238.23 -0.78 -0.01 0.45 
16 1200 45 Jordan 237.45 238.23 -0.78 -0.02 3.41 
17 920 100 Jordan 237.45 238.23 -0.78 -0.01 1.18 
18 330 175 Federal 277.57 249 28.57 0.16 -8.82 
19 2575 80 Federal 277.57 249 28.57 0.36 -150.63 
20 825 125 Federal 277.57 249 28.57 0.23 -30.89 
 
